Summary. The main objective of this paper is the numerical investigation of the process of thermomagnetic convection of special temperature sensitive ferrofluid. The fluid is studied in a cylindrical domain, with constant temperatures on the top and bottom ends and adiabatic boundary conditions on sidewalls. The gravitational convection is complemented by thermomagnetic convection, generated by a nonuniform constant magnetic field of a solenoid, which is placed into a hollow area inside the domain. The efficiency of convective heat transfer is studied in such setup.
INTRODUCTION
The effect of thermomagnetic convection in ferrofluids shows promising possibilities for applications, particularly in miniature cooling devices for electronics and low-gravity environments where natural convection fails to provide adequate heat transfer. A number of previous theoretical and experimental studies (some of recent results - [2] , [4] , [5] ) have shown that magnetic field can facilitate heat transfer in magnetic fluid. The main advantage of such cooling devices is that no other energy source except for a temperature gradient is needed to achieve convection. Our aim is to numerically study thermomagnetic convection in a simplified setup and determine the effectiveness of heat transfer, which will aid further experiments.
MODELED SYSTEM AND EQUATIONS

Modeled domain
Fig. 1. Modeled domain
HOT COLD
The modeled system is a 3D cylindrical enclosure with height/radius aspect ration equal to 3. The solenoid is positioned coaxially inside the enclosure. It has inner and outer radii equal to 1/2 and 3/4 of the cylinder radius. The height of the solenoid is 5/6 of the cylinder height. The geometry and boundary conditions are axially symmetric, which allows to reduce the problem to 2D. The modeled domain (Fig. 1) , therefore, consists of a rectangular region, which includes half of the cylinder's axial cross-section.
Governing equations
Magnetic field. Magnetic field of the solenoid has been determined using the vector potential formulation of magnetostatics equations
In 2D the vector potential has only one azimuthal component. ( )
Linear dependencies have been chosen to approximate the temperature-dependence of density and magnetic moment (5) . The potential parts of magnetic and gravity force have been included into the pressure gradient ( [2] ). Introducing the dimensionless parameters: Ra -Rayleigh number, Rm -magnetic Rayleigh number and Pr -Prandtl number, allows to write the equations in more compact dimensionless form. Due to the 2D nature of the flow, the problem can also be further simplified, by transforming the equations to vorticity-stream function formulation
In 2D case the only non-zero components of the stream function and vorticity vectors are those normal to the axial cross-section , i.e, azimuthal component.
Boundary conditions
Magnetic vector potential. The vector potential has been set to 0 on the symmetry axis. The mixed type boundary condition has been set on the outer boundary to represent the solenoid in dipole approximation. Stream function. Stream function has been set to zero on all outer boundaries and the symmetry axis. In order to obtain the value of the stream function on the inner boundary (surface of the solenoid) the Navier-Stokes equation in pressure-velocity formulation has been explicitly integrated across that boundary. Since the velocity is zero due to the imposed no-slip boundary conditions and an integral over a closed trajectory of a gradient of scalar quantity is also zero, pressure and velocity disappear from the equation
This equation is added to the system, to calculate the value of stream function on the surface of the solenoid. Vorticity. The symmetry condition ( 0 = ω ) has been set on the symmetry axis and no-slip boundary conditions for vorticity has been imposed on the outer boundary and the surface of the solenoid ( [3] ). Temperature. Zero-flux boundary conditions for temperature are imposed on the outer sidewall of the domain and on the symmetry axis. Constant temperatures are defined on the upper and lower ends of the cylinder in such a way so that the gravity convection would aid thermomagnetic convection. Solenoid surface is considered thermally isolated.
Method of calculations
The equations and boundary conditions have been writen in finite difference (FD) formulation using upwind scheme for advection term. The resulting linear system has been solved numericaly on non-uniform non-staggered grid by an iterative Bi-CG solver.
RESULTS AND DISCUSSION
First, a series of calculations has been performed to study the distribution of magnetic field and magnetic force, acting on the ferrofluid for various configurations of the solenoid and computational domain. The typical distribution of computed magnetic field is shown on Fig. 3 . and the corresponding interpolation of 2 
B ∇
, which governs the magnetic force, acting on the ferrofluid, is demonstrated on Fig. 4 . After a series of calculations, an appropriate geometry of the domain and the solenoid has been selected in order to position the areas where the fluid is cooled or heated (top and bottom surfaces of the enclosure) inside the magnetic field. 
The streamfunction (shown on Fig. 5 ) in this case includes a single circulation area -the one around the solenoid. The Rayleigh number was varied in a broad interval between 1·10 3 and 1·10 7 . At Rayleigh numbers higher than 1·10 7 the flow exhibits undamped transient pulsations, which become turbulent further increasing Ra. Next, a series of calculations has been made varying the relation Rm/Ra for different Rayleigh numbers. This was done in order to study the influence of magnetic field on convection. The presence of sufficiently strong magnetic field (when Rm becomes comparable with Ra) changes the structure of the flow. The area inside the solenoid is now occupied by downgoing cold fluid, pulled by the magnetic field. Temperature profile in this case is shown on Fig. 6 . The corresponding streamfunction contour plot is given on Fig. 7 . It can be seen that the heat transfer in case of thermomagnetic convection can be up to 10 times more efficient than in case of pure natural convection. These results agree well with the scaling analysis by Mukhopadhyay A. et al. ([4] ), although they have been performed performed for a slightly different system.
CONCLUSIONS
1. The performed numerical calculation using simplified setup has shown that the efficiency of convective heat transfer can be augmented greatly by magnetic field. The efficiency of heat transfer due to thermomagnetic convection has been evaluated for a wide range of parameters. 2. The acquired data shows promissing possibilities for experimental realization of the setup, currently being prepared at the Institute of Physics.
Greek symbols
μ magnetic permeability, ρ density, η dynamic viscosity, χ thermal diffusivity, β thermal expansion coefficient, θ dimensionless temperature, ν kinematic viscosity, φ volumetric concentration of magnetic particles ω vorticity vector ψ streamfunction vector
